Abstract: Polyamide-6 (PA6)/montmorillonite (MMT) nanocomposites were prepared via melt compounding. Maleated acrylonitrile-butadiene-styrene (ABS-g-MA) core-shell structural rubber particles were first introduced to toughen PA6/MMT nanocomposites. Before melt intercalation, MMT was treated with an organic surfactant agent. XRD and TEM results showed that MMT platelets were completely exfoliated in the PA6 matrix. And when the core-shell rubber particles were introduced into the nanocomposites, they were well dispersed in the matrix. Tensile and impact tests showed that a small amount of MMT could increase the yield strength but sacrifice the toughness. However when core-shell rubber particles were added into the nanocomposites, the tensile ductility and impact strength improved greatly. It was reasonable to say that the addition of core-shell particles could make the balance of the stiffness and toughness of nanocomposites.
Introduction
It is common to reinforce polymers with a second organic or inorganic phase to produce polymer composites. Polymer composites, where the size of the reinforcement phase is of the order of a few nanometers, offer an excellent alternative to neat polymers and conventional composites. During the last decade, interest in polymer-layered silicate nanocomposites has rapidly been increasing both in industry and in academia, due to their potential for enhanced physical, chemical, and mechanical properties compared to conventionally filled composites [1] [2] [3] [4] [5] . Polymer layered silicate nanocomposites are typically made from organoclays composed of sodium montmorillonite (MMT) cationically exchanged with alkyl ammonium surfactants that expand the interlayer distance of the clay and make it more organophilic. An affinity of the polymer with the surface of the clay /or with the organic surfactant of the organoclay is essential to obtain high levels of exfoliation, which is the key to obtain significant property enhancement of polymer nanocomposite. Numerous studies have shown that the addition of very low percentage of layered silicates can lead to a significant enhancement in stiffness and strength [6] [7] [8] [9] [10] . However, reinforcement with layered silicate, leads to reduced ductility and impact resistance. In some case, it is useful to combine reinforcement with rubber toughening to balance end use performance [10] [11] [12] .
PA6, owing to its polarity or strong hydrogen-bonding ability, has some affinity for the pristine surface of clay, which gives PA6 nanocomposites excellent properties. It is found that the modulus of nanocomposites can be significantly increased compared to the neat PA6 at low filler loading, but the Izod impact strength is decreased and the ductile-brittle transition temperature is sharply increased as the content of nanosized particles is increased [13, 14] . In recent years, some elastomers, such as EPR-g-MA, EOR-g-MA, are selected to toughen PA6. Since the maleic anhydride grafted to elastomer can react with the amine end group on the PA chain to form an in situ grafted copolymer, which allow elastomer to be finely dispersed in the PA matrix and simultaneously strengthens the interface between the phases [15] [16] [17] [18] .
Core-shell polymers, such as ABS, MBS, and ACR, are another important impact modifier for nylon [19] [20] [21] . A major distinction between core-shell particles and other types of impact modifiers is that their size is set during the synthesis process and remains the same after they are dispersed in a host matrix, where as the final particle size of linear polymers and bulk rubbers after blending depends largely on processing conditions and interfacial tension. In this study, the reactive ABS-g-MA core-shell particles were prepared in an emulsion polymerization process and the rubber modifiers with core-shell structure were first time introduced to toughen PA6/MMT nanocomposites. A preliminary exploration of rubber toughening of PA6/MMTnanocomposite was carried out to better understand the balance of stiffness and toughness. Thus the intercalation of MMT with octadecylamine salt has created both a less hydrophilic environment in the MMT galleries and an interlayer spacing increased by three-fold. This modification increased both the likelihood of polymer intercalation into the clay galleries and exfoliation of the tactoids into individual silicate lamellae, during subsequent melt compounding with PA6. Figure 2 shows the X-ray diffraction patterns of PA6/Org-MMT and PA6/ABS-g-MA/Org-MMT nanocomposite. The XRD patterns did not show any organoclay diffraction peak for both composites, suggesting that the organoclay platelets were completely exfoliated in the PA6 matrix, whether or not the addition of rubber particles.
Results and discussion

Structure
The TEM photomicrographs in Figure3 (a) provided more conclusive evidence of the extent of clay dispersion and supported the interpretation of the X-ray results given above. Nanocomposites based on PA6 had a well-exfoliated morphology consisting predominantly of individual platelets dispersed uniformly throughout the polymer matrix, which were highly aligned along the direction of flow. Figure 3 (b) shows the TEM of core-shell rubber particles modified PA6/MMT nanocomposites. The rubber content was 10phr. It was found that when the rubber particles were introduced in to the nanocomposites, the rubber particles were dispersed well in the nanocomposites matrix, and MMT were still exfoliated in the PA6 matrix. Figure 4 gives the XRD profiles of PA6/Org-MMT, PA6/ABS-g-MA, and RT nanocomposites in a wide scale and there existed a diffracting peak at about 20°, which belonged to the γ-crystalline phase of PA6 matrix. It was found from the Figure  4 that the PA6/Org-MMT nanocomposite had the highest peak intensity and the RT nanocomposites with higher MMT level had a higher peak intensity compared with that with lower MMT level. All these data suggested the presence of a more stable γ-crystalline phase nucleated by the clay surface [22] . 
Mechanical properties
The tensile and Izod impact properties of PA6, PA6/Org-MMT, and RT nanocomposite nanocomposites were listed in Table 1 . It could be found that the incorporation of 4phr Org-MMT to PA6 led to a considerable improvement in its tensile strength and stiffness. However, the tensile elongation and impact strength tend to decrease drastically because of MMT addition. This implied that the PA6/Org-MMT nanocomposite fractured in a brittle mode. This was a typical mechanical characteristic of the polymer nanocomposites reinforced with silicate clays. The addition of small amount (10 phr) core-shell structure ABS-g-MA to the PA6/Org-MMT nanocomposites restored its impact strength and particularly its tensile ductility. In this context, the ABS-g-MA elastomer appeared to be effective agent for improving the toughness of PA6/Org-MMT. Further increasing the elastomer content in the PA6/Org-MMT nanocomposites may lead to a remarkable improvement in the tensile ductility and impact strength at the expense of their tensile strength and stiffness. In this respect, it was necessary to maintain a suitable balance between the toughness and stiffness of nanocomposites through the proper control of the amount of ABS-g-MA.
Tab. 
Effect of MMT content
Properties of a neat PA6 matrix and RT nanocomposite-containing 30 phr ABS-g-MA were evaluated on their dependence on clay content. From Figure 5 it is clear that the tensile strength increased with the clay content for both the nonmodified and the ABS-g-MA-containing nanocomposites. On the other hand, the toughness of RT nanocomposites was markedly decreased with clay content; but the rubber-toughened material containing Org-MMT still exhibited significantly higher toughness than the matrix shown in Figure 6 . 
Effect of core-shell rubber content
The effects of rubber content on the impact strength for PA6 nanocomposites were shown more clearly in Figure 7 . In the nanocomposites the Org-MMT content was fixed 4 phr, and it was found that the impact strength of the RT nanocomposites increased with the rubber content. Although blends with rubber content were lower than 15 phr, the impact strength was less than 100 J/m; the impact strength was increased to 800J/m when the rubber content was 30 phr. It meant the in the RT nanocomposites the increase of core-shell rubber content improved the toughness of the blends. Figure 8 gave the influence of the rubber content on the yield stress of the RT nanocomposites. It could be found that the yield stress of RT nanocomposites decreased dramatically with the addition of the core-shell rubber particles due to the relative lower modulus of the rubber particles. It also could be found in Figure 8 that when the rubber content reached 10 phr, the yield stress of nanocomposite could restore the PA6 matrix. 
Morphology of deformed samples
SEM micrographs of impact-fractured surface of nanocomposites are shown in Figure 9 .
(a) (b) Fig. 9 . SEM photographs of fracture surface of (a) PA6/Org-MMT nanocomposites (b) RT nanocomposites.
Conclusions
In this study, exfoliated-type PA6/OrgMMT nanocomposites was prepared by melt processing via twin-screw extrusion. And then core-shell rubber particles were used first time to toughen the nanocomposites and the mechanical properties of the RT nanocomposites were examined in term of impact strength and tensile properties. It was found that the core-shell structure of ABS-g-MA additions were beneficial in enhancing the impact strength at the expense of yield stress. However, the presence of the Org-MMT in the RT nanocomposites increased the yield stress. A balance between the stiffness and toughness of the nanocomposites could be achieved by properly controlling their rubber and clay contents.
Experimental
Materials
The PA6 was purchased from Longjiang Plastic Plant, and the concentration of carboxyl and amine groups are 42.6 ueq/g and 51.2 ueq/g. Na + -MMT was provided by Linan Clay Products (China). The surfactant of the clay [CH 3 (CH 2 ) 15N (CH 3 ) 3 Br] was purchased from Shanghai Sanpu Chemical Factory. ABS-g-MA was synthesized by emulsion polymerization method in our lab.
Preparation of ABS-g-MA core-shell particles
Core-shell structural ABS-g-MA was achieved by emulsion polymerization method. In the preparation process, a polybutadiene (PB) latex has be synthesized first and then AN, St and MA were polymerized on PB particles. The PB latex with particle size of 300 nm used in this study was supplied by Jilin Chemcial Industry Group Synthetic Rein Factory. The recipe for the preparation of ABS-g-MA is given in Table 2 .
Tab. 2. The Recipe of maleic anhydride Functionalized ABS (in g).
Ingredients
ABS-g-MA An oil-soluble initiator, cumene hydro peroxide (CHP), was used in combination with a redox system. The redox initiator system, CHP, sodium pyrophosphate (SPP), dextrose (DX), and iron (II) sulfate (FeSO4) were used without further purification. The emulsion polymerization was performed in a 2 L glass reactor under nitrogen at 65 0 C, and the reaction took place in an alkaline condition at PH10. First, the water, PB, initiator, and KOH were added to the glass reactor and stirred for five minutes under nitrogen, and then the mixture of St/AN (75/25) was added in a continuous feeding way to the glass reactor. After the reaction of St/AN, MA was added to the reactor in the same way. The polymers were isolated from the emulsion by coagulation and dried in a vacuum oven at 60 0 C for 24 h before being used. Figure  10 gives the typical ideal structure of core-shell particles. 
Nanocomposite preparation
Org-MMT was prepared in the laboratory by ion exchange of the surfactant with Na + -MMT. In the process, Na + -MMT with a cation exchange capacity value of 92 mequiv/100g was dispersed in 1 L of distilled water at room temperature (23 0 C) by vigorous mixing. Subsequently, 30 wt% CH 3 The mixture solution was placed and mechanically stirred in water bath at 90 0 C for 2 h. The exchanged clays were washed repeatedly with deionized water until no further bromide was detected through titration with 0.1N AgNO 3 solution. The product was filtered, air-dried, and ground in a mortar to produce powders having sizes of about 40-60 μm. It was denoted as Org-MMT in this article. PA6/ABS-g-MA, PA6/Org-MMT and PA6/ABS-g-MA/Org-MMT nanocomposites were prepared by melt blending in a twin-screw extruder. The temperature along the extruder were 210, 220, 230, 230, 230, 230, 230 0 C and the rotation speed of the screw was 60 rpm. The melt stripes of blends were cooled in water and then pelletized. When PA6/ABS-g-MA/org-MMT nanocomposites were prepared, PA6/org-MMT nanocomposites were prepared first and then the core-shell rubber particles were introduced into nanocomposites to prepare PA6/ABS-g-MA/Org-MMT. The composites of nanocomposites used in this paper are listed in Table 2 .
All the blends were dried in a vacuum oven at 80 0 C for 24 h. Then injection molding was carried out to prepare notched Izod impact specimens and tensile specimens.
X-Ray Diffraction Measurement (XRD)
XRD measurements were performed with a DMAX 2200 with Ni-filtered Cu Kα radiation with a wavelength of 0.154 nm. The diffractometer was operated at 40 KV. The scanning rate in the 2θ range of 1-25° was 2 °/min; the interlayer spacing of organoclay was derived form the peak position (d 001 -reflection) in XRD diffractograms according to Bragg equation.
Morphology observations
To investigate the dispersion of Org-MMT layers and ABS-g-MA particles in PA6 matrix, ultra-thin sections with 60 nm in thickness were cryogenically cut with a glass knife in liquid nitrogen environment at -100 0 C using a Leica Ultracut S microtome. Osmium tetroxide (O S O 4 ) was used to stain the rubber to enhance the phase contract among PA6, org-MMT and ABS-g-MA. The thin-samples were then examined with a JEM-2000EX TEM, and the observations were performed at an accelerating voltage of 100 KV.
The samples for scanning electron microscopy (SEM) observation were prepared by the fracturing of the injection molded impact test bars. The fractured surfaces were coated with a thin gold layer before being examined with a JEOL JSM-5600 SEM.
Mechanical testing
Tensile tests were carried out with an Instron tester at a crosshead speed of 50 mm min -1 according to ASTM D638. The notched Izod impact strength (J/m) was evaluated by an XJU-22 Izod impact tester according to ASTM D256 at 23 0 C. Five specimens of each composition were used for the mechanical measurement and the average values were reported.
